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Abstract  
Zero iron nanoparticle is considered as a universal enhancement agent. Its stabilization 
in aqueous environments with different coatings, reduces the efficiency of nanoparticles 
to a great extent. This study aimed to optimize the mobility and dispersion of 
nanoparticles to increase the inactivation efficiency of heterotrophic bacteria in urban 
sewage effluents. The experiment was carried out on Response Surface Methodology 
(RSM) and Central Composite Design (CCD) using Design Expert 10 software. Iron 
nanoparticles were synthesized in two types of carboxymethyl cellulose-coated and 
simple type. B-nZVI  was introduced into the effluent with by pneumatic injection of 
nitrogen gas. CMC-nZVI was also mixed with a mixer in the effluent. Comparison of 
the results was done with two HPC and cellular molecular techniques (Genetic 
sequencing of 16s rRNA bacteria). The highest inactivation efficiency (90%) was 
observed in minute 23 for pneumonic injection of B-nZVI at a flow rate of 10 L / min.  
Finally, with the improvement of gas pressure and flow rate, the inactivation efficiency 
was recorded at 95.6% at 32 minutes. Final model obtained from this process agreed 
with the quadratic equation. General forecasting of the model was expressed by the 
correlation coefficient (R2=0.9447) that made good fitness for the response data. The 
statistical significance was determined using Fisher's statistics (F-value=13.29). For 
optimal use of nZVI in the inactivation of urban wastewater heterotrophic bacteria, 
nZVI can be injected into the wastewater by pneumatic injection in two steps with an 
inert gas such as nitrogen. In the nZVI pneumatic injection, the efficiency of 
deactivating bacteria in urban wastewater treatment plants was about 17% to 39% better 
than that of the coated-nZVI such as CMCs. 
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��(2 �7�����`�� �=��� ����	! &� �� X�� Z>� ���� 
Table 1. Independent variables of tests by response surface methodology 

Independent 
variables

Unit Code Low 
surface

Average 
surface

High 
surface

Experiment design for CMC-nZVI
NZVI mg/L A 19.5 20 20.5
CMC mmol B 25 50 100
time min C 0 30 60

Experiment design for pneumatic injection of B-nZVI with N2 gas
NZVI mg/L A 19.5 20 20.5
N2 Gas flow rate L/min B 2 6 10
time min C 0 30 60

&*� Y�m*�"
 ��
1*�� [*�(� ����9*#�� %���2 �(AD �
3*=� b}
�A�� ���J �� V�PB-nZVI ��
� -* U��(� � �(�"� 
 &F;+� �� 3*,

 �	�P %���2 Y3, C399" �;9� O�9���� 	
 C��F��
 ��$%���2 -N��
 %�*��2 �(*AD &� �� 	�Pb$^�\}&*=�Q� �� �*��J ��*#D �b��*�

 �;9�.3, C�l( �  7��1� &*� %H��*��  	�*P �*����(9� ��*#D -*+�
 )�*�� �6
� � V�*? 
 %�*�	 �� ��*�0�\}�b}�^}$&*=�Q� &*�

 �
3=�\}�A�� ���J-,
��� )��� 	
 .3, 
&� ���"�� 	
 C�l( �  �	��
32 �(;9� �*� �� V�*2 Y��*F� M�*�


� �� &A4�DU� $C�l( �  � ���"�� ��?B�Y3, �� H(F� rpm _}}} 

3, V�? 
�(� �%! - ��� � &*� �(*;9� &*J(J &*� �*B
�� ���*� V�*? 

.3, �=�9� %(�J�D 

#7`7 �14=��DNA �K�&C K1=�&=-XC� )OD(

�
�p��
DNA ���"�� g���=�*�� �*� &* (�  	
 $V�*6 )U*��D ��*�
& (�  � C3, &�FG� )��� 7*��1� Y�*�A�N 	
 3'� C3, -,
��� ���

nZVI V�? 
-D�P��
 &� . �
3=� �(;9�\}�A�� ���J& (�  	
 �� �*�
rpm0}}} �&Y3�0&=�Q� V�*2 � &*�Ap� - ��� ��(*� $H(F��� �*�

)(������� &� C3 ���Q�� ��� 0/\�A�� ����J �=�9�,� 3Y��A�N 

Fig. 1. nZVI pneumatic injection system by N2 gas 
1. Gas cylinder N2 2. Nanometer   3. Regulator   4. Pneumatic tubes   5. Flow meter for gas flow 6. Duct for turbulence of 

nanoparticles  7. Nanoparticle tank   8. Gas entering the reservoir 9. Mixing of nanoparticles and gas for injection into a tank  10. 
Wastewater Tank 

DE��7�����(9� 7��1� Y(A���nZVI (� &� 	�P [�N2

u���	�P �39AN2$r����( �� $x��(��(P� $��&J(J ���(9� ¢#"��$���2 ���(AD�	�P %� $��C�l( �  - U��(� -�(=� 	�P � ��, $��$C�l( �  %1p�v�	�P
 $%1p� &� ��������(Ap�N2$� �� &� 7��1� O�B �� C�l( �  �us�)��� � �� 

8

9

10 

5

6

7

4 3 2 1



����G�� 	 � � ��� �\�� dx.doi.org/10.22093/wwj.2017.92649.2452 32

����� ��� 	
�� Journal of Water and Wastewater 
��� #$���� ���������� Vol. 29, No. 5, 2018 

�
�p��
DNA ����� 7T8 �
�p�*�
 -�" �YTA .3*, V�*? 
 &*�
 S��9� �
�p��
 	
 %�9��8
 �(;9�DNA �P�(J! -�'�� ���'� �

& (�  e ��� 	
 ��16s rRNA �� -��i a��#� &=>9� �� �
�
�)
& (P V��� ��� �*� �* H &*'>Q �*�
 ����� .3, C��F��
 (������"�� ���

 �*4�G�6
 ������
�� 	
 C��F��
GTTTGATCCTGGCTCAG-

3' (F:5'-TACCTTGTTACGTTCA-3') ) �R: 5'- C��F��
 �� � (
X�� 	
 C��? 	 �9"
� ����	! 	
���A� �
(PCR) *, V�? 
 �F�"3

)Ehrmann et al., 2003(C�W�**�� �� C��F�**�
 ��(**� &**�� �� .
) �A���**�(���England XP Thermal Cycler ( &**�� �� 7��**>�

&**�J�
 -**,��
� ��**��)]0M(�**�A� &**2�� &**� Y3**�0$(&**=�Q�
-,��
� ��*��)]t&*� M(�*�A� &*2�� Y3*�t0$(&*� �i O�*G�
 

��*��)00&**� M(�*�A� &**2�� Y3*�_/\$(&**=�Q� �P3**, �*�(8 
��**��)�0M(�**�A� &**2�� &**� Y3**�0V�**? 
 (&**=�Q�3**, ���**�  .

&***� 	
 C3***�! -***��PCR ��***P! OH ���0/\3***4�� ���***B 
DNA Safe Stain C�W��� �� � �=�9� 	�(*D����J
 %�*��2 �*�\}} 

&� -J� Y3*�b}�� C3*, 	�(*D����J
 OH .3*, 	�(*D����J
 &*=�Q�
 �(��***9��(J����J
 C�W�***��Syngene gel doc G:BOX LF 

e�N J� ! � ��
��� 1�.3, 
{�*Ap� 	
 3*'�DNA $-*;A< DNA  *�&&*� C3*�! -*�� X��

��m**�
���
3**=� � ����(�DDNA ���(**�D(�� C�W�**�� 	
 C��F�**�
 �**�
(Ependorf)  �����(� O(8b^} �b/} -*Ti � &T��+� ���( � 

3, )Le et al., 2014(.-;A< ���'�DNA C��F��
 �� C3, {�Ap�
 �(� O(� �� ��(  )k2 	
b^} 	
 ���( � &J��'� 3, &T��+� ��	 

)b(CDNA (µg/ml)=OD260 ×50×100 

�����*� �(yB 	
 �,�  �GJ�6�  �(2� ���'� �
��$)k*2 %
1*��
 �(� O(8 ��b/} � ( C	
3 
 1�  ��� 	
 C��F��
 �� � 3, ���P&J��'� 

�(*yB V3N � �(yB � &���=� �(� O(8 �� ��� )k2 -T�  ��	
 �� C
��� �������DNA ���F�3,

)_(18.1
OD
OD

280
260 ±=


���O(�J(� �
3'� &T��+� ���DNA � -;A< ��&C3�! -�� *�1
� M��
 ���W �� 	� ��*�	�*� -*F2 �DNA ��3*B �� &*"^0} 

� %(�J
��3,��3, C��F��
 ��	 &J��'� 	
 

)t(
)101(650L

)10022.6(CN 9
DNA

23
DNA

DNA
×××

××
=

��
 �� &" Y���'� 
CDNA -;A<DNA C	
3 
 $V�P( �*  S*�B�� C3*, ���PLDNA 

O(8DNA  	��(A�" S�B �� (WJ
\�NDNA O(*�J(� �
3*'� ��*�
DNA {p#� -;A< �� �(2(�-�
 .

&� V�? 
 �(;9�%(�	! X�� ���*�  	
 %�9��8
 � �J��9" ��� ��*�
 �
�p��
DNA X�� �*� �*9�T� $�*��� H � �J(*�J(� �J(A*� ��*�

 -#"���"�� ��L������� ����'� ����"�*� -;A< )�*�� �� �*�
 M��
�� �4�Bcfu/ml V�? 
 1� .3, -#" &�A" ���&Y�(4 ��*���

 � �
���&�%
1��b}} ���J����� C3*, H(F��� �*� &* (�  	
 ��� �*�
-�A� ��� ���BR2A&� %(����(� 
 .3, �=�9� Y3�bt�� -N�*� 

_� M(��A� &2�� �*9A" �� �*" �*9A" �*�" &� � V�? 
 3*,� ��*�
 -*Ti � X���*, &�D�� *, &* (�  Z�*=A� .3-*Q� �*� 1*�  3��*, ��*� 

\�\} �b�\} ��Y�(*4 Y
�l( �*  %��1D
 %�3� � ����� [�
�,
-D�P.

�7� GH�=C F)5 
&Gp#� ����CMC-nZVI �B-nZVI  A+� [�(� *� (*��� X
�*� �


�H(J(D�(� � e�� V�6 ���� Z>��� 	
 C��F��
 �� 1��(�*����
 ����J
�#����SEM 3, �����.��, ��� b�_��(*G�SEM  

�XRD *� �F*4 ��! C�l ( � &��*" 
 �� &*�D� *� �����*� %�*#  
�
��.3��n
(6 3� ������D�� �F*4 �*�! C�l( �* �*��Y�(��*�

 �*� C3*, *�"(��"���1J(A*� �*� ��3*4�� ���* 	��o*A�p� �*� $
4�6��3*� -������F*4 �*�! C�l( �*  &*�D��  �*,(� ��(*AD�

�2���#D � %�  	�P oA�p��%H���&��(;9�'�����i
 ���	�*��
3�
�����3,.

1 Kilobase pair 



����* .... +A��I��% 	 [�6� ���) dx.doi.org/10.22093/wwj.2017.92649.2452 33

����� ��� 	
�� Journal of Water and Wastewater 
��� #$���� ���������� Vol. 29, No.5, 2018 

Fig. 2. The SEM image of nZVI used in this study 
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Fig. 3. The XRD image of nZVI used in this study 
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b) a)
Fig. 5. Response surface methodology Chart - nZVI performance in various CMC moles for the removal of 

heterotrophic bacteria depending on the percentage of removal of OD 
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CMC-nZVI 
Table 2. Analysis of variance (ANOVA) For DNA levels of heterotrophic 

bacteria (percentage) via CMC-nZVI 
Source Sum of 

Squares 
df Mean 

Square 
F

Value 
p-value 

Prob > F 
Model 6866.83 9 762.98 10.65 0.0025 significant 

A-nZVI 68.04 1 68.04 0.95 0.0622 

B-CMC 1154.19 1 1154.19 16.12 0.0051 

C-time 4134.68 1 4134.68 57.74 0.0001 

AB 166.88 1 166.88 2.33 0.1707 

AC 164.80 1 164.80 2.30 0.1730 

BC 36.43 1 36.43 0.51 0.4988 

A2 90.64 1 90.64 1.27 0.2977 

B2 435.54 1 435.54 6.08 0.0431 

C2 880.58 1 880.58 12.30 0.0099 

Residual 501.26 7 71.61 

Lack of Fit 487.11 6 81.19 5.74 0.3091 not significant 

Pure Error 14.15 1 14.15 

Cor Total 7368.09 16 

��(26�����  1�J� ! e ���
�)
( !(�
�� %
1�� LkB DNA ���"�� L������� ��� )34��(

�� ��(9� 7��1� 7��8 	
B-NZVI %H����  	�P [�(� 
Table 3. Analysis of variance (ANOVA) for DNA levels of heterotrophic 
 bacteria (percentage) via  pneumonic B-nZVI injection with nitrogen gas 

Source Sum of 

Squares 

df Mean 

Square 

F

Value 

p-value 

Prob > F 

Model 7385.45 9 820.61 13.29 0.0013 significant 

A-nZVI 47.99 1 47.99 0.78 0.0473 

B-N2 576.08 1 576.08 9.33 0.0185 

C-time 1179.26 1 1179.26 19.10 0.0033 

AB 1.31 1 1.31 0.021 0.8882 

AC 1.07 1 1.07 0.017 0.8991 

BC 1560.17 1 1560.17 25.27 0.0015 

A2 52.30 1 52.30 0.85 0.3880 

B2 2396.49 1 2396.49 38.81 0.0004 

C2 1189.33 1 1189.33 19.26 0.0032 

Residual 432.24 7 61.75 

Lack of Fit 360.35 3 120.12 6.68 0. 489 not significant 

Pure Error 71.89 4 17.97 

Cor Total 7817.69 16 
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Fig. 6. a) Normal probability diagram in terms of nZVI inactivation in the presence of percent 

and b) Characteristics of the predicted values in terms of actual values 
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�(�  
Fig. 7. Response surface methodology Chart - nZVI performance for interaction of the  

variables nitrogen gas flow rate and time of operation in removal of heterotrophic  
bacteria  as percentage  of removal of OD (ng / µl) a) 3D chart b) chart 
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Fig. 8. a) Normal probability diagram in terms of nZVI inactivation in the presence of N2 (percent) and b) 
Characteristics of the predicted values in terms of actual values  
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